The pH of the environment influenced the expression of outer membrane proteins by S. enteritidis PT4 growing in broth. Growth in broth at pH 5 to 7 resulted in variation in expression of outer membrane proteins of 18 to 22 kDa. Bacteria became acid-fixed and non-viable following prolonged incubation in broth with a pH below 5, and expression of flagella was repressed.
Introduction
The outer membrane of Salmonella enteritidis generally contains three major outer membrane proteins (MOMPs) comprising the two pore-forming outer membrane proteins (OMPs) OmpC (subunit size = 36 kDa) and OmpF (subunit size = 35 kDa), and OmpA (33 kDa). The expression of OMPs by S. enteritidis can be influenced significantly by the conditions under which these bacteria are grown. For example, under certain culture conditions strains of S. enteritidis express a third porin, termed OmpE, with a subunit size of 35.5 kDa [1] . Furthermore, growth under iron restriction results in the expression of additional OMPs of 74, 78 and 81 kDa, some of which are * Corresponding author.
known to be involved with high affinity iron uptake [2] . Growth of S. enteritidis in peritoneal implants in chickens results in the expression of these iron regulated OMPs, while flagellar and fimbrial production is suppressed [3] .
It has been suggested that strains of S. enteritidis can become adapted to growth at low pH [4] conferring increased resistance to subsequent acidic growth conditions. Strains of S. enteritidis adapted to broth at pH 3 exhibit increased survival to low pH environments as compared to non-acid-adapted bacteria; however, regardless of acid adaptation, neither could survive prolonged exposure to an environmental pH of 3 ([4] , T.J. Humphrey, personal communication). Strains of S. typhimurium have been shown to express novel OMPs when cells were adapted to grow at pH 5.8 [5, 6] ; however, acid-related membrane protein changes have not been investigated for strains of S. enteritidis. In the present study, strains of S. enteritidis, isolated from humans and poultry, were grown in broths with a range of pH values, after which OMPs and membrane associated proteins were examined by SDS-PAGE.
Materials and Methods

Strains and culture media
Twelve strains of S. enteritidis were used. Five strains had been isolated from humans, four were from chickens, and two were from hens' eggs. One strain of S. enteritidis (P132344), isolated from the heart of an infected chicken [7] and carrying a 38 MDa 'mouse virulence' plasmid, was used to prepare a plasmid-free variant strain P132344/1. All strains were stored on Dorset's egg slopes at room temperature. Bacteria were initially grown in Lab Lemco Broth (LLB, Oxoid Ltd.) for 16 h (37°C), after which 1 ml volumes of culture were used to inoculate 150 ml volumes of LLB, adjusted to hydrogen ion concentrations ranging from pH 3 to 7, using HC1. Following incubation for 6 h with aeration (37°C, 120 rpm) cultures were checked for bacterial viability and the cells harvested by centrifugation (10000 x g, 20 min, 4°C). Overnight cultures were also used to inoculate 6 x 150 ml volumes of LLB, at neutral pH, prior to incubation for 3 h (37°C, 120 rpm). The resultant bacterial growth was harvested (as above) in sterile centrifuge bottles and the cell mass suspended in 150 ml of LLB with a pH ranging from 3 to 7. Following incubation for 3 h (37°C, 120 rpm), bacteria were sedimented and used to prepare outer membranes. The viability of bacterial cultures was determined by plating volumes of broth onto blood agar (blood agar base, Oxoid, with 5% defibrinated horse blood). For the preparation of flagella, bacteria were grown on nutrient agar plates (37°C, 16 h).
Outer membranes
Outer membranes (OMs) were prepared from sonicated (150 W, 3 rain, 0°C) bacteria by selectively solubilizing the cytoplasmic membrane from cell envelopes using Sarkosyl (BDH, Poole, Dorset, UK) [8] .
Extraction of flagella
The bacterial harvest from 3 x 15 cm diameter agar plates was suspended in 0.5 ml saline and incubated at 60°C for 30 rain. Following centrifugation (12500×g, 10 rain), supernatants were removed and examined for flagellar protein subunits by SDS-PAGE.
SDS-PAGE
OMPs were separated by SDS-PAGE using the method of Laemmli [9] as described [8] , 30 ~g protein was loaded per lane of SDS-PAGE gels comprising a 12% separation gel. Following electrophoresis, protein bands were stained with Coomassie brilliant blue [8] .
Results and Discussion
Bacteria grew well in LLB at neutral pH but grew poorly at pH 4 and became non-viable after 3 h in LLB at pH 3. Growth in LLB adjusted to pH 3 was not influenced by the carriage of a 'mouse-virulence' plasmid. To determine the effect of pH on the expression of OMPs by S. enteritidis, strain P132344 was grown in LLB adjusted to a range of pH. To obtain sufficient bacterial cell mass to enable the production of OM preparations, S. enteritidis was grown at neutral pH prior to transfer of bacteria to volumes of LLB, adjusted to pH values ranging from 3 to 7 and further incubation (3 h). With this protocol, sufficient cell mass was obtained to enable the production of OMs for SDS-PAGE. Bacteria transferred to LLB at pH 3 were found to be non-viable following the second 3-h incubation period. When strain P132344 was transferred to LLB at pH 4, only very few viable bacteria remained following the 3-h incubation period. In contrast, at pH 5 and above bacteria grew rapidly producing a turbid broth during the 3 h incubation period.
S. enteritidis growing in LLB, adjusted to pH 5 and above, were readily disrupted by sonication resulting in a clear bacterial suspension after only 30 s sonication. In contrast, bacteria grown at pH 3 and 4 were very difficult to disrupt, and repeated sonication (2 x 3 min) resulted in minimal cell disruption. This inability to rupture bacteria had been encountered previously when strains of Shigella dysenteriae-1 had been fixed with formalin prior to the preparation of OMs [10] . Since S. enteritidis growing at pH 3 were non-viable and highly resistant to sonication, it was thought that low pH was responsible for cell death caused by acid fixation. Figure 1 shows SDS-PAGE profiles of OMPs from S. enteritidis grown in LLB adjusted to a range of pH from 3 to 7. Regardless of pH, bacteria expressed the three major OMPs OmpC, OmpF and OmpA (indicated in Fig. 1, lane 1 of S. typhimurium have been shown to express major OMPs in addition to the three MOMPs, following adaptation to growth in broth adjusted to pH 5.8 [5] ; however, in the present study additional MOMPs were not observed for S. enteritidis. Bacteria grown at pH 5 and above expressed a protein of approximately 55 kDa, thought to be flagellar subunits (arrowed in lane 3). Incubating S. enteritidis at 60°C causes flagella to become dislodged from the bacterial cell surface, and heat extraction enriches for flageUar proteins [11] ; the 55 kDa described above co-migrated with the heat-extracted flagellin protein indicated in Fig. 1 (lane 6) suggesting that, at pH 3 and 4, expression of flagella was repressed in this strain of S. enteritidis. This was confirmed by the observation that heated extracts prepared from bacteria, transferred to LLB at pH 3, did not contain flagellar proteins. With reference to lanes 3-6, it can be seen that flagellin subunits migrate with a slightly smaller molecular mass at pH 6 and 7 than at pH 5. This observation was reproducible and was thought to be caused by the flagellin structure being altered slightly at pH 5. At pH 5, strain P132344 expressed a protein which migrated as a band of 26 kDa (Fig. 1, lane  3) ; however, the role of this protein remains to be established. Following growth in LLB at pH 5 to 7, S. enteritidis expressed a protein of 18 kDa. Bacteria grown at pH 6 expressed additional proteins of 20 and 22 kDa (lane 4); the 20 kDa protein was not expressed during growth at pH 7 (lane 5). These proteins were considered to be fimbrial proteins with subunit molecular masses of 18 and 21 kDa as reported for this organism [11, 12] , although proteins of this size were not detected in heated extracts prepared from these bacteria.
In conclusion, S. enteritidis exhibits marked variation in the expression of OMPs and flagella depending on the pH of growth media. From our investigation we suggest that this organism resembles strains of S. typhimurium [5, 6] in being unable to tolerate prolonged exposure to environmental conditions below pH 5.
